Selection efficiencies for improving drought/salt tolerances and yield using introgression breeding in rice (Oryza sativa L.)  by Wang, Ying et al.
T H E C R O P J O U R N A L 1 ( 2 0 1 3 ) 1 3 4 – 1 4 2
Ava i l ab l e on l i ne a t www.sc i enced i r ec t . com
ScienceDirectSelection efficiencies for improving drought/salt tolerances and
yield using introgression breeding in rice (Oryza sativa L.)
Ying Wang, Lubiao Zhang, Afif Nafisah, Linghua Zhu, Jianlong Xu⁎, Zhikang Li⁎
Institute of Crop Science, The National Facility for Crop Gene Resources and Genetic Improvement, Chinese Academy of Agricultural Sciences,
Beijing 100081, ChinaA R T I C L E I N F O⁎ Corresponding authors.
E-mail addresses: xujlcaas@126.com (J. X
Peer review under the responsibility of C
2214-5141/$ – see front matter © 2013 Produc
Crop Science, CAAS.
http://dx.doi.org/10.1016/j.cj.2013.07.006A B S T R A C TArticle history:
Received 11 March 2013
Received in revised form 15May 2013
Accepted 28 May 2013
Available online 10 July 2013The backcross (BC) breeding strategy has been increasingly used for developing high
yielding varieties with improved abiotic stress tolerances in rice. In this study, 189
Huang-Hua-Zhan (HHZ) introgression lines (ILs) developed from three different selection
schemes were evaluated for yield related traits under drought stress and non-stress
conditions in the target and off-season winter nursery environments to assess the selection
efficiency of BC breeding for improving different complex traits, and led us to five important
results. The first result indicated that the primary target traits should be selected first in the
target environments (TEs) in order to achieve the maximum genetic gain. Secondly, BC
breeding for drought tolerance (DT) in rice was almost equally effective by strong
phenotypic selection in the main target environments and in the winter-season of Hainan.
Thirdly, exploiting genetic diversity in the subspecific gene pools is of great importance for
future genetic improvement of complex traits in rice. Fourthly, considerable genetic gain
can be effectively achieved by selection for secondary target traits among the ILs with the
primary traits. Finally, the developed ILs provide useful materials for future genetic/
genomic dissection and molecular breeding of complex traits.
© 2013 Production and hosting by Elsevier B.V. on behalf of Crop Science Society of China
and Institute of Crop Science, CAAS.Keywords:
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Rice (Oryza sativa L.), as the most important staple food, feeds
about 50% of the world population [1]. However, world rice
production has to increase by at least 70% by 2050 in order to
meet the demand of the population. Historically, at least 50% of
the increases in rice productivity have resulted from develop-
ment and wide adoption of new cultivars, which included
benefits of the Green Revolution in the 1960s and hybrid riceu), zhkli1953@126.com (Z
rop Science Society of Ch
tion and hosting by Elsevtechnology from the late 1970s. Nowadays, it is a priority to
improve yield potential in almost all rice breeding programs
worldwide.Meanwhile, rice production is facingmore andmore
challenges, such as water scarcity resulting from urban and
industrial demands and pollution [2,3], dramatically declining
arable lands and land degradation [4], and more frequent and
dramatic climate changes from global warming [5–8]. Of these,
drought is the most important factor limiting rice yield in the
rainfed areas that account for ~35% of the world rice area. Rice. Li).
ina and Institute of Crop Science, CAAS.
ier B.V. on behalf of Crop Science Society of China and Institute of
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100%. Similarly, salt stress is the secondmost important abiotic
stress limiting rice productivity, particularly in coastal areas
and some inland rice fields. It is estimated that 20–50% of the
irrigated rice lands are somewhat salt-affected [9]. Frequently,
drought goes hand in hand with salinity in many areas of Asia
where irrigation is used to reduce soil salt in rice paddy fields.
For instance, reduced fresh water in irrigation often induces
secondary salinization and aggravates the effects of salinity.
Alternatively, secondary salinization worsens the effects of
drought on rice.
To achieve high yield (HY) and yield stability through
breeding, breeders have to develop high yielding rice varieties
with significantly improved tolerances to drought and salinity.
Challenges then arise from the fact that HY, drought tolerance
(DT) and salt tolerance (ST) are all complex traits controlled by
polygenes, possible negative associations of rice DT or ST with
HY, and different genetic and physiological mechanisms of the
same traits at different developmental stages [10–12]. In
addition, selection of the right parental lines as donors for
target traits has been difficult in real breeding programs. For
instance, many rice landraces have good levels of DT and ST,
but are low yielding [11]. Genetic drag is another major concern
to breeders when they are making decisions in choosing
landraces as trait donors, particularly when the conventional
pedigree breeding method is used [13].
While commonly used to improve single highly heritable
traits, backcross (BC) breeding and strong phenotypic selection
have been proven to be effective for improving single complex
traits, particularly abiotic stress tolerances in rice [14–16].
However, when aiming at improving multiple complex traits
using phenotypic selection in a real BC breeding program,
breeders are facing several important and tricky issues regarding
what selection strategy should be used. This is particularly true
when breeders have to deal with trait selection in two
contrasting environments— the normal summer crop season(s)
in the target environments (TEs) and short-day winter nurseries
of the tropical climate in Hainan, in order to speed up the
breeding process. Thus, it remains unclear tomost breeders as to
what traits or trait combinations should be selected in each of
the breeding environments. In particular, in what order and
what environments, should different target traits be selected to
achieve the best overall genetic gain within the shortest time,
when multiple complex target traits have to be improved.
In this study,we tried to answer thesequestions bypresenting
results from an effort for simultaneously improving HY, DT and
ST of rice using introgression breeding. While we were able to
developmany promising high yielding rice lineswith significant-
ly improved DT and/or ST, our results also provided some
insights into the optimal selection strategy for improving
multiple complex traits based solely on phenotypic selection.2. Materials and methods
2.1. Parental lines and the BC breeding procedure
Huang-Hua-Zhan (HHZ), a high yielding indica variety fromSouth
China was used as the recurrent parent (RP) to cross with three
donors, IR64 (indica from IRRI), AT354 (indica from Sri Lanka) andC418 (japonica from Northeast China). The F1s were backcrossed
to HHZ to produced 3 BC1F1 populations, from each of which
20–25 random BC1F1 plants were further backcrossed to HHZ to
produce 20–25 BC2F1 lines. The selfed seeds from all BC2F1 plants
from a single cross were bulk harvested, forming a single BC2F2
population. The BC2F2 populations were subjected to three
different selection schemes for improving the target traits (ST,
HY and DT), as described in Fig. 1.
2.2. Trait selection
Three different selection schemes were adopted in this study. In
the first selection scheme, eachof thebulkBC2F2 populationswas
screened for DT under natural drought stress conditions (the soil
type is sandy yellow clay) at the CAAS experiment station in
Hainan during the 2009–2010 dry season (DS). Seeds of the bulk
BC2F2 populations were sown in the nursery on November 20,
2009, and 400 25-day old seedlings of each BC population were
transplanted into a 40-row plot with one row of HHZ inserted
every 20 rows as checks. The spacing was 20 cm × 17 cm.
Drought stress was started by draining the field at the peak
tillering stage 30 days after transplanting. One irrigation was
applied to prevent death when drought stress was severe at
65 days after the stress started. At the maturity, 19, 29 and 33
plants that had obviously higher yield than HHZ were visually
selected from the HHZ/IR64, HHZ/AT354 and HHZ/C418 popula-
tions. The 81 DT selected HHZ BC2F3 introgression lines (ILs) and
HHZ were progeny tested under both irrigation and drought
stress conditions at the CAAS experimental station in Beijing in
the 2010 summer. Seeds of each IL were sown into a seeding tray
and 45 30-day old seedlings of each IL were transplanted into a
3-row plot with a spacing of 20 cm × 17 cm and two replications
for each IL and HHZ under each water treatment. In the irrigated
control, a 5 cm layer of standing water was maintained in the
field until 10 days before harvest. The cropmanagementwas the
standard one with two applications of fertilizers at a total rate of
120 N kg ha−1. Under the drought treatment, all ILs were
evaluated in the greenhouse at the CAAS experimental station
with the same experiment design. A terminal drought was
initiated by withholding irrigation 30 days after transplanting
until maturity, drought conditions that were very severe killing
HHZ and some ILs. However, 43 ILs survived the stress and were
able to produce seeds. These included 12 ILs from the HHZ/IR64
population, 23 ILs from the HHZ/AT354 population, and 8 ILs
from theHHZ/C418 population (Fig. 1). Heading date (HD, in days)
were visually recorded for all plots when ≥50% of the plants in a
plot had headed. After complete heading, the plant height (PH, in
cm) was measured from the soil surface to the tip of the tallest
panicle (awns excluded). At maturity, five representative plants
in each plot were harvested by cutting the plants at the soil
surface. The harvested plants were dried naturally for a month
and then measured for panicle number per plant (PN), spikelet
number per panicle (SNP), filled-grain number per panicle (FNP),
spikelet fertility (SF, in %), thousand-grain weight (GW, in g) and
grain yield per plant (GY, in g).
In the second selection scheme, seeds of the three bulk BC2F2
populations were sown in the seedling nursery at the CAAS
experimental station in Beijing on May 10, 2010. On June 4, 480
25-day old BC2F2 seedlings from each population were
transplanted into a 40-rowplotwith 3 rowsofHHZ (the recipient)
2nd selection
1: ST (57)
2: ST (49)
3: ST (56)
1: HY (26)
2: HY (16)
3: HY (22)
1: ST (25)
2: ST (28)
3: ST (29)
HHZ Donors (1=IR64, 2=AT354 , 3=C418)
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3: DT (33)
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Progeny testing in 2010 in 
the phytotron in Beijing 
Replicated progeny testing of 189 ILs for yield traits under drought and 
normal conditions in Hainan, 2011-2012
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conditions in Beijing in 
2010 –43 DT ILs
2009DS in Hainan
Fig. 1 – Breeding procedure for improving three complex traits (high yield, drought tolerance and salinity tolerance) of three
Huang-Hua-Zhan (HHZ) BC2 populations (HHZ/IR64, HHZ/AT354 and HHZ/C418). Numbers in parentheses are the selected
introgression lines (ILs) in each round of selection (see Section 2). HY: high yield; DT: drought tolerance; ST: salinity tolerance.
1: HHZ/IR64; 2: HHZ/AT354; 3: HHZ/C418.
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using standard practices under normal irrigated conditions. At
maturity, high yielding (HY) plants were visually identified and
harvested and dried naturally for 10 days prior to measuring
grain yield. Plants with at least 10% higher yield than HHZ were
selected, resulting in 26, 16 and 22 HY plants from the HHZ/IR64,
HHZ/AT354 and HHZ/C418 populations.
In the third selection scheme, the three BC2F2 populations
were subjected to strong selection for seedling ST in the
screen-house of CAAS in the 2009 summer. In this screen, seeds
of the BC2F2 populations and RP were sterilized with 1% sodium
hypochlorite solution for 10 min and rinsed well with distilled
water, then germinated at 35 °C for 48 h. Two germinated seeds
were sown in a hole in a thin styrofoam board with 130-holes in
13 rows and a nylon net bottom. The styrofoam board was
floated onwater up to the two-leaf stage, and then the styrofoam
board with seedlings was transferred to a plastic box filled with
Yoshida cultural solution [17] containing 140 mmol·L−1 NaCl in
the screen-house of CAAS in Beijing. The solution was changed
every 5 days and the daily pH was maintained at 5.5. Each
styrofoam board had 240 plants from each population plus one
row of HHZ and IR29 (the salt sensitive check) placed in the
middle as checks and each population comprised two boxes. In
the screen-house, a 29/22 °C day/night temperature and mini-
mum relative humidity of ~70% was maintained with humidi-
fiers. Approximately 18 days after the salt treatment when HHZ
were killed, 57, 49 and 56 surviving seedlings were selected fromthe HHZ/IR64, HHZ/AT354 and HHZ/C418 populations, and
transferred to the field for seed production. In the 2010 summer,
the selected ILs were progeny tested for ST using the same
method in the phytotron with two replications for each IL.
Individual plants of each IL andHHZwere evaluated score of salt
toxicity of leaves (SST) 10 days after salinization and for days of
seedling survival (DSS) each day from seeding to death according
to the standard evaluation system (SES) [18]. Based on the
progeny testing, 25, 28 and 29 ILs from theHHZ/IR64, HHZ/AT354
andHHZ/C418 populations, respectively, were confirmed to have
significantly improved seedling ST compared to HHZ.
2.3. Final evaluation of the ILs
In the 2010–2011 (Nov. 2010 to June 2011), all 189 BC2F4 andBC2F5
ILs obtained from the three selection schemes were evaluated
in replicated field experiments for their yield traits under
drought stress and normal irrigated conditions in Hainan.
Seeds of each IL were sown into a seeding tray on Nov. 25, and
30-day old seedlings of each IL were transplanted into a 3-row
plot with a spacing of 20 cm × 17 cm. The plots were arranged
in a random complete block design with two replications for
each IL in each water treatment. In the drought treatment, the
drought stress was started by draining the field at peak tillering
30 days after transplanting. But the climate of this season in
Hainan was not normal with a lower average temperature than
normal, resulting in prolonged growth duration. A one-time
137T H E C R O P J O U R N A L 1 ( 2 0 1 3 ) 1 3 4 – 1 4 2flush irrigation was applied onMar. 20 when the drought stress
appeared to be very severe. In the normally irrigated control,
everything was the same as in the drought stress experiment
except a 5 cm layer of water was maintained in the field until
10 days before harvest. Days to heading (HD, in days) were
recorded for all plots when ≥50% of the plants in a plot were
completely headed. After heading, the plant height (PH, in cm)
was measured from the soil surface to the tip of the tallest
panicle (awns excluded). Atmaturity, five representative plants
in each plot were harvested by cutting the plants at the soil
surface. The harvested plantswere sun-dried for 7 days and the
dried plants were measured for panicle number per plant (PN),
spikelet number per panicle (SNP), filled-grain number per
panicle (FNP), spikelet fertility (SF, in %), thousand-grain weight
(GW, in g) and grain yield per plant (GY, in g).
2.4. Data analyses
ANOVA was performed to evaluate trait differences between
the water treatments (T), among different ILs (G) within each
water treatment, among different ILs within each population,
between ILs from different populations, between ILs from
different selection schemes, and G × T interaction using SAS
PROC GLM [19]. Student t-tests were performed to compare
differences between the selected ILs and the recipient HHZ
for measured traits under each water treatment. Selection
efficiency was assessed for each selection scheme based
on the number of ILs showing significantly improved trait
values.3. Results
3.1. Efficiencies of direct selection for improving ST and DT
The first round selection based on survival of individual
plants for seedling ST in the screen-house resulted in 57Table 1 – Numbers of HHZ introgression lines (ILs) selected fo
significantly from the recipient HHZ for eight measured traits ev
2010–2011 dry season.
Donor S1 N1 HD PH GW
N1 N2 N1 N2 N1 N2
IR64 ST 25 0 17 1 1 1 5
AT354 ST 28 0 21 0 8 1 7
C418 ST 29 0 20 3 6 2 1
Subtotal 82 0 58 4 15 4 13
IR64 HY 26 0 25 2 5 0 5
AT354 HY 16 0 16 0 15 0 6
C418 HY 22 0 15 2 0 0 1
Subtotal 64 0 56 4 20 0 12
IR64 DT 12 2 0 0 0 0 1
AT354 DT 23 5 0 0 6 0 5
C418 DT 8 8 0 2 0 0 0
Subtotal 43 15 0 2 6 0 6
Total 189 15 114 10 41 4 31
S1 is target trait of the first round selection. HY: high yield; ST: salt toler
evaluated in the three populations; N1 and N2 are the numbers of ILs show
measured traits. HD: heading date; PH: plant height; GW: thousand-grain w
panicle; SF: seed fertility; PN: panicle number per plant; GY: grain yield p(11.9%), 49 (10.2%) and 56 (11.7%) plants from the HHZ/IR64,
HHZ/AT354 and HHZ/C418 BC2F2 populations, respectively
(Fig. 1). Progeny testing of the selected lines in the phytotron
confirmed that the 25, 28 and 29 lines from the three
populations showed significantly improved ST as indicated
by their significantly longer DSS and lower SST. This suggests
a realized heritability of 0.439, 0.571 and 0.518 from the single
plant selection for seedling ST from the three BC2F2
populations.
The initial screen for DT under the severe field drought
conditions in Hainan resulted in 19 (4.0%), 29 (6.0%) and 33
(6.9%) plants with obviously higher fertility and GY than HHZ
selected from the HHZ/IR64, HHZ/AT354 and HHZ/C418 BC2F2
populations (Fig. 1). However, the severe drought in the
progeny testing under the controlled conditions of the
greenhouse in Beijing killed HHZ (no yield), but 12, 23 and 8
BC2F3 lines from the three populations survived and produced
seeds, resulting in a realized heritability of 0.632, 0.793 and
0.242 from the single plant selection for DT from the three
BC2F2 populations in Hainan. When evaluated under the mild
drought stress in Hainan during the 2011–2012 DS, 8 of the 43
DT selected ILs showed significantly higher GY than HHZ, and
none of them had lower GY than HHZ (Table 1), indicating that
the selection for DT was highly effective.
3.2. Indirect responses in nontarget traits of first round
selection for HY, ST and DT
When the 189 ILs were evaluated under drought stress and
normal irrigated conditions of Hainan during the 2011–2012 DS,
water treatments (T) had highly significant effect on all
measured traits, but this variation component varied consider-
ably among different traits with R2 ranging from 2.3% for PN to
45.7% for FNP. On average, the yield reduction caused by the
drought stress was 20% for HHZ (the recipient) but 36.1% for the
189 ILs. Differences among different ILs (G) were highly
significant for all measured traits and accounted for an averager ST, HY and DT from three BC2F2 populations deviating
aluated under drought stress (S) conditions of Hainan in the
FNP SNP SF PN GY
N1 N2 N1 N2 N1 N2 N1 N2 N1 N2
1 9 1 0 0 9 0 0 5 5
0 12 0 1 0 14 1 0 4 7
0 6 2 1 0 8 0 3 5 6
1 27 3 2 0 31 1 3 14 18
0 5 1 1 0 6 0 2 3 2
0 9 0 0 0 13 1 0 0 7
0 1 0 0 0 1 0 0 5 1
0 15 1 1 0 20 1 2 8 10
0 3 0 0 0 5 0 0 2 0
0 5 0 0 0 9 1 0 1 0
0 0 0 0 0 0 0 0 5 0
0 8 0 0 0 14 1 0 8 0
1 50 4 3 0 65 3 5 30 28
ance; DT: drought tolerance. N1 is the number of introgression lines
ing significantly higher or significantly lower values than HHZ for the
eight; FNP: filled-grain number per panicle; SNP: spikelet number per
er plant.
Table 2 –Mean performances of 189 HHZ introgression lines (ILs) selected for three different traits from three BC2F2
populations for eight yield related traits evaluated in replicated experiments under normal irrigated (N) and drought stress
(S) conditions in Hainan during the 2010–2011 dry season.
Donor S1 N1 Treatment HD (days) PH (cm) GW (g) FNP SNP SF (%) PN GY (g)
HHZ (RP) N 116.2 ± 3.2 75.6 ± 1.4 23.4 ± 0.6 175.4 ± 16.1 192.0 ± 18.3 90.7 ± 1.8 8.3 ± 1.2 22.0 ± 1.3
S 107.3 ± 11.5 74.0 ± 1.6 21.0 ± 0.4 137.1 ± 13.7 154.4 ± 14.2 86.4 ± 2.0 8.8 ± 1.2 17.6 ± 0.7
IR64 HY 26 N 111.8 ± 5.1 75.6 ± 4.4 22.5 ± 3.0 171.9 ± 47.6 197.3 ± 49.3 86.8 ± 5.5 7.9 ± 1.6 22.7 ± 6.6
S 91.3 ± 5.2 71.3 ± 4.7 20.2 ± 1.8 135.1 ± 31.8 154.3 ± 30.2 74.3 ± 11.2 9.2 ± 2.3 14.8 ± 5.2
AT354 HY 16 N 107.1 ± 7.3 72.5 ± 2.3 20.3 ± 1.0 184.8 ± 28.8 231.0 ± 31.4 79.9 ± 4.3 10.2 ± 1.6 27.6 ± 5.5
S 90.1 ± 7.0 65.7 ± 3.9 18.6 ± 1.2 119.1 ± 19.7 145.3 ± 26.4 63.3 ± 13.4 9.6 ± 1.9 10.9 ± 3.6
C418 HY 22 N 111.6 ± 4.3 76.2 ± 3.7 23.2 ± 1.7 192.1 ± 36.3 217.2 ± 40.0 88.4 ± 5.3 7.8 ± 1.5 24.4 ± 5.7
S 97.7 ± 5.7 75.4 ± 5.5 20.8 ± 1.5 143.6 ± 28.8 155.4 ± 24.4 79.2 ± 12.1 9.2 ± 1.6 18.7 ± 5.9
IR64 ST 25 N 113.6 ± 5.3 78.4 ± 3.6 22.9 ± 1.7 178.6 ± 40.2 213.7 ± 40.4 83.3 ± 7.9 7.8 ± 1.6 23.2 ± 7.1
S 95.4 ± 7.1 74.2 ± 4.1 20.0 ± 2.1 106.8 ± 48.3 151.5 ± 39.8 69.2 ± 17.8 9.1 ± 1.7 16.6 ± 7.0
AT354 ST 28 N 114.9 ± 6.7 77.8 ± 3.3 22.6 ± 1.5 187.8 ± 35.0 221.6 ± 38.0 84.7 ± 5.6 8.5 ± 2.1 25.5 ± 6.6
S 93.6 ± 7.4 70.3 ± 4.6 19.9 ± 1.7 98.6 ± 26.7 140.4 ± 28.0 70.5 ± 14.5 9.4 ± 1.8 15.8 ± 7.1
C418 ST 29 N 115.8 ± 5.3 76.7 ± 5.2 24.2 ± 1.5 160.0 ± 22.9 183.7 ± 26.4 87.2 ± 4.0 9.2 ± 1.9 25.3 ± 5.7
S 94.3 ± 6.7 72.6 ± 6.6 21.1 ± 2.2 117.6 ± 34.2 150.7 ± 38.9 78.1 ± 12.6 7.8 ± 2.7 15.7 ± 7.2
IR64 DT 12 N 104.3 ± 4.1 78.6 ± 4.8 23.3 ± 1.6 145.9 ± 47.5 177.3 ± 51.9 81.8 ± 8.7 7.1 ± 1.3 21.3 ± 4.9
S 112.4 ± 3.3 74.2 ± 3.8 20.9 ± 1.6 98.5 ± 25.3 154.6 ± 22.6 64.0 ± 15.7 8.9 ± 2.0 12.3 ± 5.4
AT354 DT 23 N 109.3 ± 3.9 76.9 ± 4.2 21.9 ± 1.7 183.3 ± 40.7 216.7 ± 48.7 84.8 ± 5.6 8.4 ± 1.9 25.1 ± 6.0
S 113.2 ± 3.0 71.1 ± 3.7 19.1 ± 1.8 108.9 ± 29.3 150.9 ± 31.6 71.4 ± 9.4 9.2 ± 2.0 14.6 ± 4.1
C418 DT 8 N 114.1 ± 2.1 77.0 ± 4.4 24.3 ± 0.9 161.5 ± 23.4 176.9 ± 26.0 91.4 ± 1.9 8.1 ± 1.6 25.6 ± 6.4
S 122.4 ± 3.3 77.0 ± 5.7 21.3 ± 0.8 123.8 ± 20.2 143.9 ± 26.2 86.3 ± 3.8 8.3 ± 2.0 21.7 ± 6.5
S1 is the target trait of first-round selection. HY: high yield; ST: salt tolerance; DT: drought tolerance. N1 is the number of introgression lines
evaluated. For measured traits, see the trait abbreviations in Table 1.
138 T H E C R O P J O U R N A L 1 ( 2 0 1 3 ) 1 3 4 – 1 4 236.6% of the total trait variation, ranging from 26.7% for FNP to
53.9% for PH. The T × G interaction was insignificant for all
measured traits, indicating that all ILs performed consistently
under drought stress and well watered conditions for the
measured traits in this experiment. ANOVA also indicated that
ILs from different populations showed significant differences
for allmeasured traits except for PH, ranging from2.3% for PN to
19.0% for GW. Similarly, different selection schemes had highlyTable 3 – Numbers of HHZ introgression lines (ILs) selected for
significantly from the recipient HHZ for eight measured traits e
the 2010–2011 dry season.
Donor S1 E N1 HD PH GW
N1 N2 N1 N2 N1 N2
IR64 ST HN 25 0 5 4 0 0 4
AT354 ST HN 28 0 8 3 0 0 4
C418 ST HN 29 1 3 4 3 3 0
Subtotal 82 1 16 11 3 3 8
IR64 HY HN 26 0 7 0 2 1 4
AT354 HY HN 16 0 10 0 1 0 12
C418 HY HN 22 0 3 0 0 0 1
Subtotal 64 0 20 0 3 1 17
IR64 DT HN 12 0 10 1 0 1 1
AT354 DT HN 23 0 10 3 1 0 7
C418 DT HN 8 0 0 1 0 0 0
Subtotal 43 0 20 5 1 1 8
Total 189 1 56 16 7 5 33
IR64 DT BJ 12 0 12 – – 0 7
AT354 DT BJ 23 0 23 – – 0 20
C418 DT BJ 8 0 8 – – 0 7
Total 43 0 43 – – 0 34
S1 is the target trait of the first-round selection. HY: high yield; ST: salt tol
evaluated; N1 and N2 are the numbers of ILs significantly higher or signific
see Table 1.significant effects on the mean performances of the ILs for all
traits except for SF andGY, ranging from1.8% for PN to 38.4% for
HD. Although all were highly significant, ILs selected from
different populations (P) showed much greater trait variation
than ILs obtained from different selection schemes (S). The
P × S interaction was also significant for all measured traits,
indicating that selection efficiency on any specific trait varied
depending on the population (donor).ST, HY and DT from three BC2F2 populations that deviated
valuated under the normal irrigated conditions of Hainan in
FNP SNP SF PN GY
N1 N2 N1 N2 N1 N2 N1 N2 N1 N2
3 0 3 0 0 7 3 1 3 2
4 0 5 0 0 6 2 0 5 0
0 0 0 0 0 0 3 0 2 0
7 0 8 0 0 13 8 1 10 2
1 1 1 0 0 3 0 0 2 0
1 1 2 0 0 7 3 0 4 0
2 1 2 0 0 1 1 1 2 0
4 3 5 0 0 11 4 1 8 0
0 3 0 1 0 4 0 0 0 0
1 0 6 0 0 4 1 0 2 0
0 0 0 0 0 0 0 0 3 0
1 3 6 1 0 8 1 0 5 0
12 6 19 1 0 32 13 2 23 2
9 1 10 0 0 5 0 3 1 0
15 1 17 0 0 6 1 5 2 0
4 0 4 0 0 0 1 0 5 0
28 2 31 0 0 11 2 8 8 0
erance; DT: drought tolerance. N1 is the number of introgression lines
antly lower than HHZ for the measured traits. For trait abbreviations,
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Under normal irrigated conditions inHainan, the 64 ILs selected
for HY in Beijing had an average yield of 24.9 g per plant, or
13.2%higher thanHHZ (Table 2). Of these, 8 ILs had significantly
higher GY than HHZ, resulting primarily from increased SNP/
FNP (Table 3). The remaining ILs had the same GY as HHZ.
Interestingly, a significant portion of these ILs showed early
heading and reduced GW as indirect responses to selection for
HY. Under water stress, the 64 ILs had a mean GY of 14.8 g per
plant, or 15.9% lower than HHZ. The numbers of ILs that had
significantly higher and lower yields than HHZ were 8 and 10
(Table 1) with most DT ILs coming from the HHZ/C418
population and most drought sensitive ILs coming from HHZ/
AT354. Many lines in this group of ILs showed early heading,
reduced height and reduced fertility under stress (Table 1).
3.2.2. Indirect responses of selection for ST
Under normal irrigated conditions in Hainan, the 82 ST
selected ILs had an average GY of 24.7 g per plant, or 12.1%
higher than HHZ (Table 2). Of these, 10 ILs had significantly
higher GY than HHZ, resulting primarily from increased SNP/
FNP, PN and PH (Table 3). Only two ILs had significantly lower
GY than HHZ. Again, many of these ILs showed early heading,
reduced GW and lower fertility as indirect responses to
selection for ST. Under water stress, the 82 ILs had a mean
GY of 16.0 g per plant, or 9.1% lower than HHZ. The numbers
of ILs that had significantly higher and lower GY than HHZ
were 14 and 18 (Table 1), which were roughly equal from the
three populations. Many of these ST ILs showed early heading
and reduced SF/FNP under stress (Table 1).
3.2.3. Indirect responses of selection for DT
This group of 43 ILs had gone through two rounds of selection
for DT, one in Hainan and one in Beijing. Under the severe
drought of Beijing that killed HHZ (100% yield reduction), the
43 ILs had an average GY of 9.0 g per plant, or a reduction of
70.2% compared with their GY in the irrigated control
(Table 4). Under normal irrigated conditions, the 43 ILs had
an average GY of 25.4 g, or 9.9% higher than HHZ. Of these,
only eight ILs had significantly higher average GY than HHZ
and the remaining ILs had the same GY as HHZ (Table 3).
In Hainan, the 43 ILs had an average GY of 24.0 g per plant,
or 9.1% higher than HHZ under irrigated conditions (Table 2).
Of these, five ILs had significantly higher GY than HHZ,Table 4 –Mean performances of 43 HHZ introgression lines (ILs)
for yield related traits evaluated in replicated experiments for y
conditions of Beijing in the 2010 summer (Mean ± SD).
Donor T N1 HD GW FNP
HHZ N 106.1 ± 0.1 23.1 ± 0.78 172.8 ±
(RP) S ¶ – – –
IR64 N 12 102.5 ± 4.0 21.2 ± 1.4 218.7 ±
AT354 N 23 105.3 ± 2.0 20.6 ± 1.2 203.4 ±
C418 N 8 104.6 ± 2.3 20.7 ± 1.7 203.1 ±
IR64 S 12 107.0 ± 5.6 16.5 ± 1.7 78.8 ± 1
AT354 S 23 106.5 ± 3.8 18.0 ± 1.1 135.6 ±
C418 S 8 112.5 ± 6.6 17.6 ± 0.7 129.1 ±
T: treatment; N: normal conditions; S: drought stress conditions. N1: n
Table 1. The recipient, HHZ was killed and there are no data for droughtresulting primarily from increased SNP and PH (Table 3). The
remaining ILs had the same GY as HHZ. Again, early heading
was an indirect response to selection for DT in 20 of the 43 ILs
(Table 3). Under water stress, the 43 ILs had a mean GY of
16.2 g per plant, or 8.0% lower than HHZ. Eight ILs had
significantly higher GY than HHZ, most of which were from
population HHZ/C418 (Table 1). None of these ILs had lower
GY than HHZ and 15 ILs showed delayed heading.
ANOVA of the combined data from Beijing and Hainan
indicated that the differences among the ILs (G) were highly
significant for all measured traits and explained, on average,
17.0% of the total phenotypic variation, ranging from 8.5% for
PN to 31.5% for HD. The difference among locations (L) was
highly significant for all traits and explained an average of 14.0%
of the total variation, ranging from 1.9% for SF to 36.9% for PN.
Thedifferencebetween the twowater treatments (T)washighly
significant for all traits and accounted for an average 32.6% of
the total variation, ranging from3.9% for PN to 56.0% for GY. The
G × T, G × L, L × T and G × T × L interactions were also highly
significant for all traits except HD and PN (G × T × L), and
explained an average of 7.0%, 7.4%, 4.3% and 6.1% of the total
trait variation, respectively.
3.3. Promising ILs developed
Table 5 shows the mean trait performances of 16 promising
HHZ ILs that had significantly higher GY and/or better DT than
HHZ inat least one location. These included10DTselected ILs, 3
ST selected ILs for and 3 HY selected ILs, respectively. Of these,
WT185 was the best and was originally selected for DT but
showed significantly higher GY than HHZ under drought and
non-stress conditions in both Hainan and Beijing.4. Discussion
HHZ is a high yielding and widely adapted variety currently
grown on 3,500,000 ha in southern and central China. It also
performs well in many countries in tropical Asia and Africa
(data not shown). However, it does not have good tolerance to
many abiotic stresses. This study reports part of our efforts to
convert it into a green super rice (GSR) variety with tolerance
to multiple abiotic stresses using a BC breeding strategy.
Consistent with previous results [14–16], the development ofselected for drought tolerance from three BC2F2 populations
ield traits under normal irrigated (N) and drought stress (S)
SNP SF PN GY
11.3 189.0 ± 13.0 91.4 ± 0.5 7.6 ± 0.9 23.1 ± 3.4
– – – –
32.0 257.4 ± 33.7 85.1 ± 6.2 6.6 ± 1.0 23.4 ± 4.7
24.7 235.5 ± 29.2 86.4 ± 4.5 6.6 ± 1.4 24.1 ± 5.8
30.8 226.2 ± 36.8 89.9 ± 3.7 8.5 ± 1.1 28.7 ± 4.2
8.2 133.0 ± 19.6 59.0 ± 10.7 3.9 ± 1.0 5.5 ± 1.7
25.6 159.1 ± 24.8 85.2 ± 8.8 4.2 ± 0.9 10.3 ± 2.5
14.5 161.6 ± 17.8 80.3 ± 8.4 4.6 ± 0.8 10.3 ± 1.5
umber of introgression lines. For measured trait abbreviations, see
stress.
Table 5 –Mean trait performances of 16 promising ILs selected from three BC populations with significantly higher yields
than HHZ in at least two environments under normal irrigated and drought stress conditions in Hainan and Beijing.
ILs Donor Location HD PH GW FNP SNP SF PN GY
Under normal irrigated conditions
HHZ Beijing 115.3 – 23.1 172.8 189.0 91.4 7.6 23.1
HHZ Hainan 116.2 75.6 23.4 175.4 192.0 90.7 8.3 22.0
WT185 C418 Beijing 103.5 – 21.8 165.6 189.9 87.2 10.7 32.5
C418 Hainan 113.0 73.3 24.5 174.6 192.2 91.1 9.8 31.3
WT180 C418 Beijing 105.0 – 18.8 215.6 240.6 89.6 8.0 23.9
C418 Hainan 115.0 81.2 24.5 188.4 200.8 93.8 8.8 36.2
WT182 C418 Beijing 102.0 – 22.6 217.6 232.3 93.7 7.3 30.6
C418 Hainan 112.5 85.0 23.5 139.7 151.1 92.8 8.1 24.1
WT183 C418 Beijing 103.5 – 21.0 251.7 300.7 83.7 8.3 33.5
C418 Hainan 114.5 76.5 23.8 133.8 145.0 92.3 6.7 22.5
WT184 C418 Beijing 107.0 – 20.9 187.7 204.7 91.7 8.3 31.6
C418 Hainan 114.0 74.4 24.7 156.3 176.7 88.5 8.6 29.3
WT188 C418 Beijing 106.0 – 21.4 165.7 190.0 87.2 9.3 29.0
C418 Hainan 112.5 73.1 23.7 152.7 167.0 91.4 8.1 19.5
WT103 AT354 Beijing 102.5 – 19.0 193.8 230.5 84.1 6.0 16.5
AT354 Hainan 112.0 80.7 21.9 195.9 265.3 73.7 8.4 28.0
WT115 AT354 Beijing 107.0 – 20.4 208.4 228.5 91.1 8.3 31.6
AT354 Hainan 108.0 73.8 22.0 164.0 195.3 83.9 8.0 20.6
WT111 AT354 Beijing 106.0 – 20.4 227.9 260.4 87.5 9.3 39.2
AT354 Hainan 105.0 68.0 22.3 162.8 189.4 86.0 7.3 19.5
WT32 IR64 Beijing 106.0 – 21.6 224.8 265.5 84.7 7.7 30.4
IR64 Hainan 108.0 80.2 24.8 172.2 197.4 87.3 8.5 26.1
SD110 AT354 Hainan 119 79.7 22.4 179.3 211.5 84.9 11.4 32.1
SD123 AT354 Hainan 118.5 78.1 21.5 221.5 245.2 90.3 11.2 38.4
SD213 C418 Hainan 120.5 86.6 27.1 166.8 185.4 90 10.2 36.1
YC52 IR64 Hainan 110 76.4 21.9 224.9 254.3 88.5 8.3 32.6
YC55 IR64 Hainan 110 78.6 19.5 190.2 222.5 85.6 10.6 32.2
YC193 C418 Hainan 114 77.6 22.7 228.7 270.6 84.4 8.6 31.9
Under drought stress condition
HHZ Beijing – – – – – – – –
HHZ Hainan 107.3 74.0 21.0 137.1 154.4 86.4 8.8 17.6
WT185 C418 Beijing 115.5 – 19.2 141.7 159.0 89.1 4.0 8.2
C418 Hainan 121.0 72.8 21.4 119.3 132.3 90.2 9.4 26.9
WT180 C418 Beijing 116.0 – 16.8 127.2 199.5 63.7 5.5 4.4
C418 Hainan 125.0 85.0 21.9 150.4 183.6 82.1 8.7 26.9
WT182 C418 Beijing 108.0 – 17.6 131.6 157.6 83.5 4.7 9.1
C418 Hainan 124.5 88.2 22.0 135.5 155.9 86.9 9.2 23.7
WT183 C418 Beijing 113.5 – 17.5 123.9 151.2 81.9 5.3 5.9
C418 Hainan 125.0 74.6 20.8 92.9 111.5 83.2 9.9 23.9
WT184 C418 Beijing 113.0 – 17.8 117.6 149.6 78.6 5.3 6.0
C418 Hainan 125.0 75.6 20.8 123.6 140.6 89.0 6.8 15.5
WT188 C418 Beijing 111.0 – 17.2 105.2 140.9 74.7 4.3 5.8
C418 Hainan 118.5 75.0 21.0 120.4 145.1 83.0 7.1 15.8
WT103 AT354 Beijing 109.0 – 18.4 153.9 183.9 83.7 5.0 10.6
AT354 Hainan 115.5 76.3 19.1 147.5 199.6 73.9 11.2 23.4
WT115 AT354 Beijing 109.5 – 19.2 106.1 148.7 71.3 3.0 4.5
AT354 Hainan 115.5 75.3 20.2 111.1 155.7 71.3 10.4 16.4
WT111 AT354 Beijing 104.0 – 18.6 135.4 142.5 94.7 4.3 8.8
AT354 Hainan 111.0 65.3 19.3 95.8 140.2 68.6 9.0 14.5
WT32 IR64 Beijing 113.0 – 16.9 82.1 123.1 66.7 4.7 4.1
IR64 Hainan 116.5 77.4 23.4 123.6 165.5 74.6 10.3 21.7
SD110 AT354 Hainan 100 69 18.6 101.9 121.1 83.9 11.7 25.8
SD123 AT354 Hainan 97.5 71.1 18.5 138.3 161.7 85.6 12.9 25.8
SD213 C418 Hainan 101.5 85 28.7 109.3 137.1 80.5 10.4 24.0
YC52 IR64 Hainan 94 74.8 19.2 167.8 203.6 82.9 11.4 22.3
YC55 IR64 Hainan 92.5 73 18.3 108.8 136.5 79.5 10.9 23.1
YC193 C418 Hainan 98.5 80.5 21.9 144.7 164.1 88.1 10.8 26.5
Bold numbers are those significantly higher than HHZ; underlined values are those significantly lower than HHZ. HD: heading date, PH: plant
height, GW: thousand-grain weight, FNP: filled-grain number per panicle, SNP: spikelet number per panicle, SF: seed fertility, PN: panicle
number per plant, GY: grain yield per plant.
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demonstrated that BC breeding and phenotypic selection
were effective for improving single complex traits in rice.
Furthermore, direct comparison between the ILs and HHZ for
yield performance and related traits under drought stress and
non-stress conditions across different environments led us to
several important conclusions regarding how to improve
selection efficiency and overall genetic gain when aiming to
improving multiple complex traits in a BC breeding program.
Firstly, our results indicated that the primary target traits
should be selected first in the target environments. This was
reflected by the huge differences between ILs generated from
the three selection schemes (Table 1) and by the fact that the
most promising HHZ ILs showing significantly improved DT
and yield in Hainan were originally DT selected (Table 5). This
was not surprising since the initial selection for DT was
carried out in Hainan, whereas the yield performances of the
ST and HY selected HHZ ILs under drought and non-stress
conditions in Hainan were indirect responses. Interestingly,
we observed positive gains of 12.2% and 12.5% in GY under
normal conditions in Hainan as indirect responses to selec-
tion for ST and HY in Beijing, and found no evidence for a yield
penalty associated with DT in the tested HHZ ILs (Table 3).
Secondly, our results indicated that selection for DT in the
DS inHainan practiced inmany Chinese rice breedingprograms
should be largely effective. In this study, the overall level of
G × E interaction accounted for only (14.2%) of GY in the 43 DT
selected ILs, 3.4%, 6.1% and 4.7% of which was attributed to the
G × T, G × L and G × T × L interactions. This low level of G × E
interaction for DT was at least partially attributable to the
greater genetic uniformity of the BC progeny because the large
G × E interaction commonly observed in breeding for DT in rice
results primarily from the complexity of the drought environ-
ments [20] and at least partially from the complex genetic and
physiological mechanisms of DT in rice [21].
Thirdly, we did not observe a strong negative association
between DT with GY under normal conditions as all DT selected
ILs had the same or higher GY than HHZ under the normal
irrigated conditions in Beijing or Hainan (Tables 1 and 3).
However, we noted that 15 (~35%) of the DT selected lines
showed delayed heading under drought in Hainan, whereas
most (78.1%) ST and HY selected ILs showed significantly earlier
heading (Table 1). Curiously, increasedplantheightwasobserved
as an indirect response to selection forDTand cold tolerance (CT)
in the japonica backgrounds [16,22], but was not observed in this
study. Interestingly, undernormal irrigated conditions inHainan,
20 (46.5%)DTselected ILs, 16 (19.5%) ST selected ILs and20 (31.3%)
HY selected ILs showed earlier heading. All DT selected ILs
showed earlier heading under normal irrigated conditions in
Beijing (Table 3). This suggests that the donors contributed
different genetic and physiological mechanisms for DT in HHZ
(indica) than those for DT in japonica backgrounds [16,22].
Fourthly, our results indicated that parental selection is
critically important for the success of a BC breeding program.
While widely adaptable superior commercial lines should be
used as recurrent parents, the choice of donors of target traits
may bemore difficult. In this study, the japonicadonor, C418was
apparently a better donor than the two tropical indica donors
(IR64 and AT354) in contributing promising DT and HY progeny
in Hainan. This was surprising since none of the donors wassuperior for the target traits. In two separate experiments, we
found that indica donors tend to contribute more trait enhanc-
ing alleles for DT and CT than japonica lines [16,22]. Thus,
exploiting the genetic diversity in the subspecific gene pools
using BC breeding will be of great importance for future genetic
improvement of complex traits in rice.
Finally, the presence of significant amounts of useful genetic
variation for yield related traits under drought and non-stress
conditions among ILs within the same or different BC popula-
tions indicates that considerable genetic gain can be achieved
through selection for secondary target traits among the ILs.
However, initial selection for different traits resulted in ILs that
varied considerably for the measured traits, suggesting that
selection efficiency for secondary target traits would be very
different for ILs selected for different primary traits. Selection
for secondary target traits can be done more effectively by
screening resistances/tolerances to different biotic and abiotic
stresses and quality traits through replicated progeny testing of
the ILs. In this regard, the developed ILs provide useful
materials for genetic andmolecular dissection of complex traits
using functional genomic tools [23] and for developing high
yielding GSR cultivars withmultiple green traits using new and
innovative molecular breeding strategies [24].5. Conclusions
It was demonstrated that BC breeding and phenotypic selection
were effective for simultaneous improvement of multiple
complex traits (HY, DT and ST) in rice. The primary target traits
should be selected first in the target environments (TEs) to
achieve the maximum genetic gain. BC breeding for DT in rice
was almost equally effective by strong phenotypic selection in
the TEs and in the winter-season nursery in Hainan. Consider-
able genetic gain can be achieved by selection for secondary
target traits among the ILs with the primary traits. Exploiting
genetic diversity in the subspecific gene pools will be of great
importance for future genetic improvement of complex traits in
rice. Finally, the ILs developed in this study provide useful
materials for future genetic/genomic dissection and molecular
breeding for genetic complex traits.Acknowledgments
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